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EXHIBIT 1 



Q3Q IbU^TMIMMiww, 

u *hions carpet underlay, furniture, seating, 
find applications as automotive cushions, carp 

and bedding. J . on polyfonctional, low molecular weight 

Rigid foams are based P^f^ °° H ^nwmtionaUy use polymeric iso- 
aleoh^and amine, Most ffigffiSSw isomer, TBI prepolymers 
i. « ttit nr an undistiilea graae ui marketed as a low va- 

SSS^SW and isocyana^ 8 ^ e ^ n is effected via 
oressure alternative to undistiUed TDLje y g Qr ^ the m 

S SSKrf chlorofluorocarbonsj^ ceU find app ^ 

S» generation of The ^portation, pipeline, and tank 

tions as insulators in construction, app ^ 
end uses. . fprft) rigid foams are based on ^PMDI and 

Similarly, polyisocyan f^jSjKwerf). The cross-link densrfy aro 
nolvester or polyether polyols (and distribution are known to have 

cell wall thickness, «n4 V°^ c ™ ^ foam . Polyisocyanurate 
a SonZced effect on the ^^^tions having service tempera- 
foa2 are used -^f^ ^Z^B are known to provide , efficient 
ture ranges from -200 to 150 C These y to a vanety of com 

toalLulation characteristics and «™SeafliinB, foams ^ f ,n 
«5to applications. Apart from ^^'pHcations. They can also be sup- 
posite appi „ l8 and foaming fPP^* . . covering, and 

E shapes. , oaHMS ^.ion, utilize both MDI 

Adho<dves and coatings iormu^ lareest segment 01 uie uu&m^ 

a var^ ofpoWr and V^J^ ^ heaXreUant on prepo*- 
is the one-part or moisture-cured *W*TVL may be used to provide systems 
met Optionally, blocked isolate ^^J^ agcn ts include phenols, 
, L pvtremelv long shelf life. buiLaui e _caprolactam [205- 

m 71 Weal applications include ' , J of pure isocyanates 

and prepolymers and are primarily u 

commercial construction. ^polymers. They employ a mixture sofpure 

Elastomers are segmented btodfe. «£> ym rf high mett 

MDI-based isocyanates and P^ 01 ^^ * bonding to provide a high 

^a lmi-glycol nnits which aggregate ^a hyor g glycol U q 7 . 

SJSrf virtual cross-linking Suitable g^ C consists of high molecular 
21 1] butanediols, and ^ olS ^emairials are noted for their resiliency 

tttnolv(alkylene oxide polyols. These maw tear> 
SSE^Soc.. solvent ^t^^e ^ ^ ^ belt 
Jobation performance. APP^f 0 ^^ Methylene diphenyl diisocyanate 
Ada and thermoplastic polyurethanes. Memy x . g used 

f^-de^ens^ 

SK5^^TS5i£ ~- - e traditi0Q t = 

Aliphatic Isocyanates. AhphaUc * > ine precurs0 rs are more 
roan ded P a premium price . because commomy used in apphca- 

expensive than aromatic diamines. m y 
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ABSTRACT 

This paper presents a review of hydroxyl-terminaud polybutadtene telechelic polymer (HTPB) with emphasis on 
its preparation, properties, end group modifications, hydrogenation, role as polyurethane precursors and binders for 
solid rocket propellants. 

1. INTRODUCTION 

Telechelic polymers are of great interest mainly because they provide the means for 
further reactions to give modified polymers with controlled properties. The term telechelic 
(from the Greek tele: far, distant and chelos: claw) has been proposed by Uraneck, Hsieh 
and Buck 1 to describe the polymers possessing two functional terminal gr ups. Telechelic 
polybutadienes with different functional groups have been prepared, as shown in Table I, 
but hydr xyl-terminated polybutadienes (HTPB) have been the subject of much develop- 
mental work because of their wide applications, such as, binders in solid rocket propellants, 2 
expl sives, 3 adhesives* sealants, 6 coating materials * etc. 

481 
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Initi ator 

2,2 Aaoftfcflijobuiy ronitrile) 
Xamhogenate disulphlde 
Xanthogen dtsulphide 
Dilithiuro isoprene/S 
Gtutaric acid peroxide 
4,4'-A2oto(4. C yanovaleric acid) 

*X o e ^ n0ne ""o^twous salt 
* Ethy U2,2 # -a2oWsCisobuty rate) 

4-t-ButyUa2o-4-cyanovaleryi 
chloride 

Aromatic acid diacyt peroxide 
Carbon tetrabromide 



Termina l group 

Nitrlle 

Thiol 

Thiol 

Thiol 

Carboxyl 

Carboxyl 

Carboxyl 

Carboethoxy 

Ester with aliphatic 

azo group 
Chloro or bromo 
Bromo 



Reference 



9 
9 

10 

11 

12 

13 

14 
15, 16 

17 

18 
19, 20 



Phy^c^ on HTPB. One is related to its synthesis 

developments and appliLS ' Plants' while the other describes the recerl 

II. PREPARATION 

a - two major routes empfcyed for the 

compared to those obtained by SS^^^f^ molecuto ™W* dliffttan 
the polymers prepared by anibrtc iofym^S " 0ri th * hand* 

by free radical polymerization, ^SS^^^^ to thc^e obtained 

canons only. Table II-* shows «eto£Sl te^TT? *** USed f ° r Speciali2ed S5S 
able commercially. Stephens «e of ^2^i^™ ated po,y ^tadienes which are avail- 

LST - ^^^^tadiene b^ozo^^ ™lecolar weight hylo^L 

tadiene, as shown in Figure 1 . oz °™ation of high molecular weight c*~i/polybu- 



I CHj- CM=, CH 



Pig. 



Attack of a radical 
resonance and rotatio) 
monomer molecule by 
if it reacts as .(D), act 
the form (B), In radic; 
are not affected by the 
or the conversion, but 
performed 2 ". Thel,4t 
the cis as the reactior 
with butadiene is aboi 

Kalaus e*aJ. 3l esti 
20% cis, €0% traws-1, 
viscosity of carboxyl- 
may be estimated f p 
viscosity on going f r 
Thus, variations in tl 
trans ratio, d ubtles: 
with viscosity. Visco 
polymer. The functic 
reproducible, 33 The { 
than two because th 
emulsion polymerize* 
and about 2096 1,2-e: 



A. FREE RADICAL MECHANISM 

Free radical polymerization 1? th 
teminatedpo^ 

££T r d * ° CCUrs »"« m^^^J^ ° f PO^rizaUon must be^om- 
important to recognize how the varioul tv^Lf aUOn ln the case of It is 

polymerization of butadiene » **** of Corner units are produced during radial 



H 



\. 

C 

/ 



Trade aame 



* 15, R 45 M 
Butarez HT 

Poly bdR45HTandR45M 
Poly bd R 45 HT 



Table ri 
Commercially Available htpb 



Source 




Method of preparation 



Anionic 
Free radical 
Free radical 



Referenc* 



22, 23 
24 
25 
26 




R - CH, 



Fjc. 2.— Various I 
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' issSiSr ,,psM nandom oH functions are quite undesirawe r - a ^ iicati - ■» 

1. ffudmgen peroxide initiation, ~ Several scientists have used hydrogen peroxide as 

Syn^MTS^ <>f ': UtadienC t0 Mn » TPU ThisLe radici 

IM IBO^C tI^,1m ? * w, at * tem <> erat « rc "f ^out I0O-20O-C. preferably about 

which dissolves both the diene monomer and the hydrogen peroxide. Suitable solvent are 

hvHrovlr °"i twelve ^ on atoms - The hydrogen peroxide-solvent system is found to supply 

2~Zh! P f "U CatalyUc and sp,vent effccts to produce the poVymer if 

des.red chenucal and physical characteristics. The alcohol is used in an amount suK t n 

prod^tion of thT h,;S? ! mUSt » C ' reC ° f any grou P which would ^erfere with the 
Ci nrf , We P ° ,ymer - Propano1 or »*>P'opanol are the preferred solvents 
Jl^S^"*^"^ iSCrUCia ' *«« determines the moleculaTwelght 

r e aS^ 2^ ^.T 3 ° f " aVerage mo,eCU,ar we * ht 300 °-35°° by 

reacting iuu parts of 1,3-butadiene and 6 parts of hydrogen peroxide whereas th* htph Jr 

^.JISZ^VSS^ » y gen peroxide - The product 18 found to have mono -- 

byo*^^^^^ 

Equation (1). ""tiator, t.e. , ferrous ion/hydrogen peroxide," as shown in 

Fe ,+ + H a O, — Fe ,+ + OH" + • OH (1) 
^Ire^oZS^r^ USCd ^ thC PrCSenCe ° f alcoh0,s like ™thanol isopropanol. 

Fe s+ + H 2 0 2 - Fe*» + H* + HOO • (2) 

HO • + CH 3 OH -* H 2 0 + • CH s OH (3) 
if t^l^ft^ff^ fadical wiU al ~ - other transfer reactions 

of butSne! fs K2E ^^^JST"? P6r0Xide radiCal 

own u * igure 3. The terminal hy droxyl groups are primary and predom- 



HO 



(Ch: 



CH- CH, 



Cis 



CHj', 



CH 2 )j^(CH 2 ~ CHJ 2 [CHf 



CH«CH 



Tr * n$ 



CH=CH 2 

Vinyl «£:50 
Fro. 3. -Structure of HTPB obtain^ by H a 0 8 radical polymerization. 



OH 





I 
I 



inantly of the allyllc tyr 
sation polymerizations i 

2. Azoinitiators, — 
because of their low pro] 
with primary or second; 

Azoinitiat rs with t\ 

(a) Strecker type ay 
appropriate keto aicoh* 
cyanide, followed by th 

(b) Pinner type syn» 
available 2,2'- az bisisot 
ence of dry hydrogen cl 

Different types of hy 
in the synth sis of HT1 
report the synthesis of 
free radical polymeriza 
and 5,5'-azo£ris(5-cyanc 
tadiene prep lymers ax 
the cure reaction of sue 
to pot life and casting. 6 ' 
di(4-hy droxy butyl>2 f 2 
pentanot) has been des 

Of the az initiators, 
initiation by this initio 
and very good functioi 
to 3.8, for butadiene ol 
catalyst addition 31,64 rti 
well as for narrow mo 
dergoes first-order decc 
or transfer reactions, ; 
used with this initiate 
to have low chain trar 



Szwarc 66,67 was tku 
later followed by diffei 
has reviewed in detail 



Diethyl-2,2'-a: 
Di(4-hydroxy: 
DiC3-hydroxy 
Di(2hydroxy 
Di(2-hydroxy 
5,5'*Azo6is(5- 
4,4'-Azobts(4- 

* By reduc 
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Table V 

MICROSTRUCTURE OF Al.KA.LI METAL CATALYZED POLYBUTADIENES 84 



Catalyst 



% Cis-l ,4 



% 7Van5-l,4 



% Vinyl-1,2 



Lithium 


35 


52 


13 


Sodium 


10 


25 


65 


Potassium 


15 


40 . 


45 


Rubidium 


7 


31 


62 


Cesium 


6 


35 


59 



ns f ani nic poly- 
th suitable el ctro* 
ionally substituted 
ital techniques for 
.he equipment and 
of impurities that 
:ol is better in this 
nality values to be 
*neral be narrower 

d in Table IV. 
nonpolar solvent, 
however, to obtain 
:ess of the metal is 
ctures of the poly- 

e lithium initiated 

by reaction with 
obtained. Ethylene 
stly association of 
de is less reactive, 
jue) and secondary 

rahydropyran and 
me and conversion 
minated polymers 
3 molecular weight 



distributions and also that the procedure is not handicapped by the gelation problems, which 
are normally encountered during the termination of dilithiopolymera with electrophilic re- 
agents. 

III. PREPOLYMER PROPERTIES 

Characterization of HTPB can be carried out by taking into consideration the following 
properties: (a) Molecular weight and molecular weight distribution; (b) Equivalent weight; 
(c) Microstructure; (d) Functionality and functionality distribution; (e) Moisture content; 
(f) Nonvolatile material; (g) Hydroxyl value, meq/g; (h) Hydroxyl number, mg KOH/g; (i) 
Iodine number; (j) Density; (k) Refractive index; and (1) Heat of combustion. 

Table VII shows some properties of commercially obtained HTPBs. The density of average 
samples of HTPB is 0.895. The index of refraction is 1.515 ± 0.003. The heat of combustion 
is 18,100 BTU/lb. The properties important to a formulation chemist are molecular weight 
and molecular weight distribution, microstructure, and reactive end group functionality. 
These properties will now be discussed in some detail. 

A. MOLECULAR WEIGHT AND MOLECULAR WEIGHT DISTRIBUTION v 

Molecular weight and molecular weight distributions (AF w /A?0 are of great importance in 
telechellc polymers. It has been reported that the telechelic polymers characterized by narrow 
molecular weight distributions tend to cure faster and show a lesser tendency towards net- 
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/ 



Solvent 



Temp. Gei 



No, 


Butadiene 


Li° 


Type 


Cone* 


rc) 


% 


% Cis-l ,4 


% 2Yans-l,4 


% VinyUl,2 


1 


100 


0.1 


None 




60 


1 


29.1 


57.2 


13.6 


2 


100 


0.3 


None 




50 


4 


29.0 


58.2 


12.8 


3 


100 


0.3 


None 




60 


11 


30.0 


57.0 


13.0 


4 


100 


0.3 


None 




30 


0 


31.6 


58.2 


10.3 


5 


100 


0.3 


VV? 


68.0 


40 


1 


29.0 


G0.6 


10.4 


6 


100 


0.3 


PE 


G8.0 


50 


2 


28.1 


G0.9 


11.0 


7 


100 


0,3 


PE 


08.0 


50 


IB 


32.0 


67.3 


10.6 


8 


100 


0.3 


PE 


68.0 


70 


14 


30.0 


68.0 


11.9 


9 


100 


0.5^ 


PE 


68.0 


40 


2.8 


28.9 


60.3 


10.8 



° Lithium metal as 35% dispersion in petroleum. 
b All concentrations are in parts by weight. 
r Petroleum ether. 
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Tensile Property of Modified Hydroxyl-Terminated 
Polybutadiene-Based Polyurethanes 

SHIH-UANC HUANG,' JUIN-YIH LAI* 

iSSKHr" 1 0ePi ' t,nen, • Ch ' n - Vi ' n$,itU,e °' T «^- ™»* W 41 Til. 

-' Chemical Engineering Department. Chung Yuan Uni< 



'versity. Chung Li. Taiwan 32023. Republic 0» Ch 



RtuiuedBJufy 19$6; acct pttd 7 September 1996 



complexaiion of the hard «™f 'J 0 : Cr °» sI,nka B e of «<* »P»ent. 
Wnk^PU film, "V 8 ^^^ <n>N>. Crosa- 

( DVB 1 to ihe 4.4 •SStoKS^J^ "^J^ 8 aseBl of ^y'beniene 

BD,. based PUs ES?^ to ^ (H|,MDI,,nd M-butanediol 0.4- 
fMDEA). which ^Le 33 L te^ , * * ■*"*« *««^i^««ta«ta. 

form* by the inS^fS& ^ IPN — 

erosslinked HTPB-H .Mnt i inn j »„ ™ „ ' ,0 lhe ben *»yl peroxide (BPO>- 
gatio., between ha J a^n£ ^ SC<i PUs - mR was ""^^ "> Weotiiy the segre- 

« n be used to mm^toj£££%S^ Unp , e ™ UTt! was »* DSC. which 

by TCA were ^^^^^^2^2^ d £u m £ Sit i° n b,hwf « 
' HBI). frequency *flSri2 f^S^Jr* °" ° f B " IPN ' The ^"^".bonding index 
the average atrenrth o?X ? as " measure or the pha,e segregation and 
Interme^^^J^SST' hydrogen bonds wer. utllieed W study the 
hard-segment -STS^^J^ * th V"^/*- ™° •** of the 

t B n S Ue property were invesU^^AZ T^'l '° n ' " nd +Vp eontenl on thc 
«f PUs. while the s!rL iff^^^ w «^kythtmodlll«rioB 

unmodified PTJs 0 1997 j a h L To m . value compared with that 0 r 



INTRODUCTION 

!!v^L hane [ PU) ™ aleria,s P™» "«y attrac- 
ts bulk mechamcal properties due to the pres- 
ence of phase-separated structures. Its app |i ca . 
cons are varied, such as for medical implants 
membranes, adhesive*, and coatings. Superior 
Mrolytjc stabilities and high mechanical 'prop! 
erty performances of HTPB show surprising util- 

used f,r gas separation research because of th5 



Comsponitnct 10: S.-L Hxling " ~ 1 

» IS97 J, hll Wi. ey t S , ns . lBc . ccc 0021-W9.V97/06123S., , 



low-temperature flexibility and high segregation 
between hard and soft segments/ * Pervaporation 
separation of an ethanol/water mixture* was also 
studied with HTPB-based PUs due to the high 

rthanT " ° fthe HTPrat "g^with 

dealt with the structure and 
mechanical properties of HTPB-based PUs 
But the HTPB-based PUs generally exhibit inh- 
nor mechanical properties compared to the con- 
venuonal PUs." The purpose of this study w as t0 
prepare modified HTPB-based PUs for the i m , 
provement of mechanical properties. The modifi- 
canon was carried by the crosslinkage of the 
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HTPB soft segment, complexacion of the hard seg- 
ment, and the interpenetrating network (IPN). 
From the reported literature, the crosslinkage of 
the PU polymer was generally obtained by the 
introduction of diol and triol mixtures to the PU 
prepolymer."-*' Yoahikawa et el." studied the 
crosslinking of polybutadiene (PB) membranes 
arising from chemical reactions with the cross- 
linking agent of bis( 1-methyl-l-phenyl-ethyl )per- 
oxide at the sites of unsaturate in the polymer 
n ,?!il and ^^Mtein prepared divinylben- 
161,6 '^-""slinked styrene/butadiene/sty- 
rene (SBS) and styrene/ethylene-butylene/sty- 
rene (SEBS) f or alcohol permsetective mem- 
branes. while PU ionomers were prepared by 
incorporating a chain extender containing ter- 
tiary amines and then reacting with alkyl ha- 
>des* or glycol* acid." Others are formed by t£e 
use of sulfonate containing a chain extender" or 
by the addition of LiCIO, to the PUs M w 

mrmi!Z$'J?T pte ? 10 prepare ^Knked 

tween hard and soft segments of butadiene. The 
rv complexes were obtained by addine cuoric 
chloride to the HTPB -HnMDI - MDEA-based^U 

VP to the BPO-crosslinked HTPB-H..Mni 
MBD-based PUs. The effect of the hard-segment 
consent cupric chloride content, and 4-VP coSem 
on the tensile property was studied. Hydrogen- 
bonding index (HBI) values for indicatioHf 
pnase segregation were measured by FTCR Th« 
measurements of DSC and FTIR were used to 

ntion and. hence, to correlate them with the 

erence the frequency shiftment. and the elass 
transit.cn temperature were used for the idenU- 

oXV f P , haSe hom °**™» and for the tffe Ct 

on the tensile property. 



EXPERIMENTAL 
Materials 

«m or Srcoo. ; wT"" r ielu 1333 *■ 



and toluene were used as solvents for the prepara- 
tion of the PU solution. Benzoyl peroxide (BPO) 
was used as an initiator for the preparation of 
divinylbenaene (DVB)-crosslinked PUs and as a 
crosslinking agent to the PU solution of 4-VP/PU 
TPNs. The 4-VP monomer w as purified by vacuum 
distillation. 



Preparation of Polyurethane Memb 



rane 



Krr^°" Sta8[e PUs were P^VtaenaA first by a 
— NCO-terminated prepolymer and then chain- 
extended with 1,4-BD (or MDEA) under 25 wt % 
solid content after the theoretical -NCO content 
was reached. It was diluted to a 15-20 wt % solid 
content after the chain-extended reaction pro- 
ceeded for 30 min. The reaction was terminated 
as the -NCO groups were completely consumed 
as confirmed by the disappearance of the infrared 
absorption at 2280 cm"'. 

Uncrosslinked PU films were prepared by pour- 
uig the solution mixture onto a glass plate to a 
tluckness of 600 pm . The solvent in the casting 
I W3S eva P° rat ed by degassing at B5»C for 

SLi" fiJms were P«l«d from the 

plate after it had been immersed in deionized wa- 
ter for several hours. The PU films were dried in 

50% and 2S'C for 5 days before testing 

Crosslinked films were initially prepared by 

BPO to the HTPB-H,,MDI- l,4BD-based PU so- 
lution ( 1 0 wt % solid content) in the closed vessel 
at room temperature for 30 min. Then. 1.0 « 0 
3.0. and 5.0 wt % of DVB (based on solid PU con- 
tent . i were added to the above PU solution at 6S»C 
for JO min. respectively, and then cooled to room 
temperature immediately. All the following film. 

asssss ^ °" samt - 

were prepared by adding cu- 

based PU solutions. Cupric chloride wirh MDEA 
or 1/3 or W tnol ratio content, was added to the 
three different PU compositions, respectively. Cu 

MnVTl S J BC0 1 mp,ex With tertiar V a ">^e of 
MDEA by ion-dipol e interaction.- 10 The dried ion- 
ized films were peeled from the plate after it had 
been put into refrigerator and into the frozen state 
for several hours. All these films were then put 
in an oven under a vacuum at 70'C for 48 h for 
further degassing of the solvent residue. Finally 
the samples were kept under a vacuum at room 
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HYDROXYL TERMINATED POLYBUTADIENE RESIN 




DESCRIPTION 

Poly bd® R-45HTLO resin is a liquid hydroxyl 
temiinated polymer of butadiene with a number 
average molecular weight of approximately 2800. 
Polybd® resins haveprimary^Uyttcalcoholgroups 
that exhibit high reactivity in either condensation 
polymerization, reactions or the preparation of 
derivatives. The degree of polymerization is 
approximately SO for the R-45HTLO. Hydroxyl 
functionality is typically in the 2.4 - 2.6 range for 
R-45HTLO. Poly bd* R-45HELO is regulated by 
the United States Department of Commerce and 
may not be exported without a license from that 
organization. 

PRODUCT HIGHLIGHTS 

Hydrophobicity 

Reactive hydroxyl groups 

Low glass transition temperature 

Miscibility with asphalt 

Low color, high clarity 

PERFORMANCE PROPERTIES 

Hydroly tic stabiltiy 

Low temperature Flexibility 

Low moisture permeability 

Resistance to aqueous acids and bases 

Excellent adhesion to a variety of substrates 

Electrical insulation properties 



Poly bd® R-45HTLO Resin 
TYPICAL PHYSICAL AND 
CHEMICAL PROPERTIES 



Nonvolatile Material, wt% 


99.9 


Viscosity, mPa s @ 23°C 


8000 


Viscosity > mPa-s @ 30°C 


5000 


Hydroxyl Number, mg KOH/g 


47.1 


Hydroxyl Value, meq/g 


0.84 


Hydroxyl Functionality 


2.4-2.6 


Molecular Weight, M o 


2800 


Polydispersity, MJM o 


2.5 


Water, wt% 


0,02 


Specific Gravity @ 23°C 


0.901 


Iodine Number, g/lOOg 


400 


Glass Transition Temp. (Tg), °C 


-75 


Solubility, g/100 ml of solvent @ 25°C 




Mineral Spirits 


>50 


Toluene 


>50 


Chloroform 


>50 


Methyl Ethyl Ketone 


>50 


Ethyl Acetate 


>50 


Acetone 




Hexane 


>50 


Aromatic 100 


>50 


Isopropanol 


<1(P 


111 Cloudy; 5% solution also cloudy 





SUGGESTED APPLICATIONS 

Potting and encapsulation 

Adhesives 

Sealants 

Binders 

Waterproof coatings and membranes 



